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We provide a simple UV theory for a Dirac dark matter with a massless Abelian gauge boson. We
introduce a single fermion transforming as the 16 representation in the SO(10)′ gauge group, which
is assumed to be spontaneously broken to SU(5)′×U(1)′. The SU(5)′ gauge interaction becomes
strong at an intermediate scale and then we obtain a light composite Dirac fermion with U(1)′
gauge interaction at the low-energy scale. Its thermal relic can explain the observed amount of
dark matter consistently with other cosmological and astrophysical constraints. We discuss that a
nonzero kinetic mixing between the U(1)′ gauge boson and the Hypercharge gauge boson is allowed
and the temperature of the visible sector and the dark matter sector can be equal to each other.
Introduction.– Constructing a grand unified theory
(GUT) of the Standard Model (SM) is an outstanding
challenge in particle physics. The similarity of the SM
gauge coupling constants and the beautiful unification of
fermions in the SU(5) multiplets may support the exis-
tence of the unified theory at a very high energy scale.
However, the running of the gauge coupling constants
and the quark/lepton mass relation are deviated from
the simplest SU(5) GUT prediction [1–5], which may im-
ply that the GUT breaking in the visible sector is much
more complicated than we expect.
In the context of cosmology, there exists dark matter,
which may be a fundamental particle that barely inter-
acts with the SM particles. Since the dark matter (DM)
must be stable and neutral under the electromagnetic in-
teraction, we consider it to be charged under a hidden
U(1)′ gauge symmetry. Then one may hope that the
dark sector is also unified into a GUT′ theory as in the
SM sector.
In this letter, we propose a chiral SO(10)×SO(10)′
GUT as a unified model of SM and DM sectors. The first
SO(10) gauge theory is a standard SO(10) GUT model,
which we do not specify as it has been extensively dis-
cussed in the literature [6–11]. We focus on the second
SO(10)′ gauge theory, which gives a dark sector. The
fermionic matter content in SO(10)′ is a single field in the
16 representation. The SO(10)′ is assumed to be spon-
taneously broken to SU(5)′×U(1)′ at a very high energy
scale and the SU(5)′ gauge interaction becomes strong
at the energy scale of order 1013 GeV. Below the con-
finement scale, we have a light composite Dirac fermion
charged under the remaining U(1)′. Therefore the DM
sector results in a Dirac DM with a massless U(1)′ gauge
boson, which has been discussed in Refs. [12, 13]. A simi-
lar idea of the strong SU(5)′ gauge theory was used in the
literature in different contexts [14–16], where they did or
did not introduce the U(1)′ gauge symmetry.
As discussed in Ref. [13], a DM with a massless hidden
photon is still allowed by any astrophysical observations
and DM constraints even if it is the dominant component
of DM. The thermal relic abundance of the Dirac fermion
can explain the observed amount of DM. We find that
the temperatures of SM and DM sectors can be the same
with each other at a high temperature. This allows us
to consider a nonzero kinetic mixing between the U(1)′
and U(1)Y gauge bosons, which presents an interesting
possibility for the DM search in this model. The relic of
the massless U(1)′ gauge boson affects the expansion rate
of the Universe as dark radiation, which can be checked
by the detailed measurements of the CMB anisotropies
in the future.
Dark matter in the low-energy sector.– We first
explain a low energy phenomenology in the dark sector.
Let us introduce a U(1)′ gauge symmetry and a Dirac
fermion η of weak-scale mass mη with charge q. We con-
sider the case where the U(1)′ gauge symmetry is not
spontaneously broken and the gauge boson γ′ is mass-
less until present. We denote the temperature of dark
sector as T ′ and that of visible sector as T . We define
ξ(T ) = T ′/T , which depends on the temperature. We
will see that there is a viable parameter region even if
ξ = 1 at a high temperature.
The DM can annihilate into the dark photon and hence
its thermal relic density is determined by the freeze-out
process. The thermally-averaged annihilation cross sec-
tion is given by
〈σvMol〉 = piq
4α′2
m2η
S¯ann(α
′), (1)
where vMol is Moller velocity and S¯ann is the thermally-
averaged Sommerfeld enhancement factor [17, 18]. In the
regime where the gauge interaction is relatively large,
a bound-state formation is efficient and is relevant to
determine the thermal relic abundance. Hence we have to
solve the coupled Boltzmann equations for the unbound
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FIG. 1. Constraint on q2α′ as a function of mη. We can
explain the observed amount of DM on the solid blue curve
when ξ = 1 at the time of DM freeze out. The orange shaded
region is excluded by the ellipticity constraint on the observed
galaxy. On the upper and lower dashed lines, the gauge cou-
pling constant can be unified with that of the SU(5)′ gauge
symmetry at the energy scales of M ′GUT = 10
16 GeV and the
Planck scale, respectively, for the case of q =
√
10/4. Above
the red line, the gauge coupling constant blows up at the en-
ergy scale below Λ′5 = 10
13 GeV.
and bound DM particles as done in Ref. [18]. In Fig. 1,
we quote their result to plot a contour on which we can
explain the observed amount of DM for the case of ξ(T ) =
1 at the time of DM freeze-out.
The DM has a self-interaction mediated by the dark
photon. Its cross section is given by
σT
mη
=
8piα′2
m3ηv
4
log Λ (2)
' 0.2 cm2/g
(
q2α′
0.025
)2 ( mη
1 TeV
)−3( v
300 km/s
)−4
,
(3)
where log Λ (≈ 40 - 70) comes from an infrared cutoff for
the scattering process. The velocity of DM v depends on
the scale we are interested in: v ∼ 30 km/s, 300 km/s,
and 1000 km/s for dwarf galaxies, galaxies, and galac-
tic clusters, respectively. The observed triaxial structure
of a galaxy NGC720 puts a stringent upper bound on
the self-interaction cross section since the DM velocity
distribution is randomized and is more isotropic by the
self-interaction [12, 13, 19]. This can be rewritten as a
constraint on the gauge coupling constant and is shown
as the orange shaded region in Fig. 1. The DM with mass
of order 0.1 - 10 TeV is allowed even if ξ = 1 at the time
of freeze-out, depending on q2α′ (& 10−2). We expect
that a larger number of statistical samples of galactic
structures will make the analysis more robust.
Since the self-interacting cross section is proportional
to v−4, the cross section for the cluster scales is much
smaller than the observational constraints [20]. On the
other hand, the self-interaction is quite large in the
smaller scales, like dwarf galaxies. It has been discussed
that a too large scattering cross section leads to a very
short mean-free path, which suppresses heat conduction
and hence both core formation and core collapse are in-
hibited [21, 22]. Therefore, the constraint on the dwarf
galactic scales may not be applied to this kind of models
and the massless mediator is still allowed for the self-
interacting DM model.
The massless dark photon remains in the thermal
plasma in the dark sector and contributes to the energy
density of the Universe as dark radiation. Its abundance
is conveniently described by the deviation of the effective
neutrino number from the SM prediction such as
∆Neff =
8
7
(
2
g′∗(T ′d)
g∗(T ′d)
43/4
)−4/3
ξ4(T ′d), (4)
where g′∗ is the effective number of degrees of freedom
in the dark sector and T ′d is the decoupling temperature
of dark sector from the SM sector. In the case where
the dark sector is completely decoupled from the SM
sector before the DM becomes non-relativistic and the
electroweak phase transition, we should take g′∗(T
′
d) =
2 + 4(7/8) = 11/2 and g∗(T ′d) = 106.75 and obtain
∆Neff = 0.21ξ
4(T ′d). Even if we set ξ(T
′
d) = 1, the
prediction is consistent with the constraint reported by
the Planck data combined with the BAO observation:
Neff = 3.27± 0.15 [23]. We can check the deviation from
the SM prediction with a large significance in the near
future by, e.g., the CMB-S4 experiment [24, 25].
It is also possible that the DM sector is in the ther-
mal equilibrium with the SM sector at a high temper-
ature and then decoupled after the DM becomes non-
relativistic. This is the case when the U(1)′ gauge boson
has a nonzero kinetic mixing with the U(1)Y gauge boson
as we will discuss later. Then we should take ξ(T ′d) = 1
and g′∗(T
′
d) = 2. As we will discuss shortly, the decou-
pling temperature is just below the DM mass, which is
of order or larger than the electroweak scale. Thus we
expect g∗(T ′d) ' 100, which results in ∆Neff ' 0.07.
This scenario is also consistent with the Planck data and
would be checked by the CMB-S4 experiment in the fu-
ture.
Dark matter from hidden SO(10)′.– Now we shall
provide a UV theory of the DM sector, which is similar
to the SM GUT. We introduce an SO(10)′ gauge group
and a chiral fermion transforming as the 16 represen-
tation, assuming that the gauge group is spontaneously
broken to SU(5)′×U(1)′ at the energy scale much above
1013 GeV and below the Planck scale. After the SSB, the
fermion is decomposed into ψ, χ, and N , which transform
as the 5¯, 10, and 1 representations in the SU(5)′ gauge
group, respectively. If we denote the U(1)′ charge of N
as q (=
√
10/4), those of ψ and χ are −3q/5 and q/5, re-
spectively [26]. If one starts from a generic SU(5)′×U(1)′
gauge theory instead of the SO(10)′ gauge theory, the
U(1)′ charge q may be different from
√
10/4.
3Since the SU(5)′ gauge interaction is asymptotically
free, it becomes strong and is confined at a dynami-
cal scale Λ′5. Below the confinement scale, there is a
massless baryonic state composed of three fermions like
η = ψψχ as the t’Hooft anomaly matching condition is
satisfied [27, 28] (see Refs. [14–16] for other applications
of this model). This can be combined with N to form a
Dirac fermion. In fact, we can write down the following
dimension-6 operator:
c
M2Pl
ψψχN + h.c., (5)
where c is an O(1) constant. This results in a Dirac mass
term below the dynamical scale and its mass is roughly
given by
mη ∼ c (Λ
′
5)
3
M2Pl
. (6)
This is of order 100 GeV − 10 TeV when the dynamical
scale Λ′5 is of order 10
13 - 14 GeV. As a result, the low-
energy sector is nothing but the DM model discussed in
the previous section.
As for the SM sector, we consider also an SO(10)
GUT, motivated by the thermal leptogenesis [29] (see,
e.g., Refs. [30–33] for recent reviews) and seesaw mecha-
nism [34–37]. Here, we introduce a right-handed neutrino
with mass of order or larger than 109 GeV in the SM sec-
tor. Then, we expect an SO(10)×SO(10)′ gauge theory
to be a unified model of the SM and DM sectors. The
similarity of the SM and DM sectors may be because a
fermion in the 16 representation is the minimal particle
content for the anomaly-free chiral SO(10) gauge theory.
An example of renormalization group running of gauge
coupling constants is shown in Fig. 2, where we note that
there are three flavors for quarks and leptons while there
is only one “flavor” in the dark sector. Although an ex-
plicit construction of the GUT model in the SM sector is
beyond the scope of this paper, we present a gauge cou-
pling unification in a simple GUT model proposed in [38].
They introduced adjoint fermions for SU(3)c and SU(2)L
at an intermediate scale and at the TeV scale, respec-
tively. Although the SU(2)L adjoint fermion is stable,
we assume that it is a subdominant component of DM or
there is another field that makes it unstable. Noting that
this is just one example of GUT in the Standard Model
sector, we plot the gauge coupling unification in the sim-
plest case in the figure. We do not introduce such adjoint
fermions in the dark sector or we assume that they are
heavier than the dynamical scale if present.
We are interested in the case where q =
√
10/4
and the SU(5)′ gauge coupling α′5 becomes strong at
Λ′5 ∼ 1013 GeV. Starting from α′ ' 4.2 × 10−2 and
2.5 × 10−2 at the electroweak scale, we find that the
SU(5)′×U(1)′ gauge group can be unified at the energy
scale of M ′GUT = 10
16 GeV and the Planck scale, respec-
tively. These gauge coupling constants are shown as the
upper and lower dashed lines in Fig. 1. It shows that
the DM mass should be about 1.1 TeV and 600 GeV,
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FIG. 2. Renormalization group running of gauge coupling
constants, where µ is the renormalization scale in units of
GeV. We introduce adjoints fermions for SU(2)L and SU(3)c
at 103 GeV and 1010 GeV, respectively, to present an exam-
ple of gauge coupling unification of the SM gauge interac-
tions [38]. We plot the running of α′ with q =
√
10/4 for the
case in which it is unified with SU(5)′ gauge coupling constant
α′5 at the energy scale of 10
16 GeV (red dashed line) and the
Planck scale (blue dashed line).
respectively, to explain the observed amount of DM if
ξ(T ′d) = 1.
We note that the gauge coupling constants in the dark
sector does not need to be unified at the same scale as
the GUT scale in the SM but can be unified at the energy
scale between the dynamical scale Λ′5 (∼ 1013 GeV) and
the Planck scale. Thus the U(1)′ gauge coupling constant
can be as large as q2α′ ∼ 0.2 at the electroweak scale.
However, we expect that the gauge coupling constant at
the unification scale is of the same order with that of
the SM gauge coupling constants and hence M ′GUT =
O(1016 - 18) GeV. In this case, α′ must be within the
region between the dashed lines in Fig. 1, namely,
α′ = (2.5 - 4.2)× 10−2, mη = 0.6 - 1.1 TeV. (7)
This is the prediction of the chiral SO(10)′ gauge theory
in the DM sector.
Kinetic mixing.– Finally, we comment on the kinetic
mixing between the U(1)Y and U(1)
′ gauge bosons. For
this purpose, we need to specify how to break the gauge
groups at the GUT scale. We first note that a scalar
field transforming as the 45 representation in SO(10) is
decomposed into scalar fields in the 1+10+1¯0+24 repre-
sentations under an SU(5) (⊂ SO(10)) gauge group. The
singlet 1 can be used to break SO(10) to SU(5)×U(1).
We assume that SO(10) and SO(10)′ are spontaneously
broken to SU(5)× U(1)(B−L) and SU(5)′ ×U(1)′ by
nonzero VEVs of 45H and 45
′
H , respectively. The re-
maining SU(5) in the visible sector is also assumed to
be spontaneously broken to the Standard Model gauge
4group GSM by the field in the 24 representation that
is contained in 45H . On the other hand, we assume
that 24′ in 45′H has a vanishing VEV. We finally ob-
tain GSM×U(1)(B−L)×SU(5)′×U(1)′ below these energy
scales. The U(1)(B−L) is assumed to be spontaneously
broken at an intermediate scale to give a nonzero mass
to the right-handed neutrinos.
Then even if we start from the SO(10)×SO(10)′ gauge
theory, the kinetic mixing between U(1)Y and U(1)
′ is
induced from the following dimension 6 operator:
c′
M2Pl
45H (F10)µν 45
′
H (F
′
10′)
µν
(8)
where c′ is an O(1) constant, F10 and F ′10′ are
field strengths of SO(10) and SO(10)′, respectively.
The kinetic mixing parameter is of order  ∼
c′(vGUT/MPl)(v′/MPl), where vGUT and v′ are the VEVs
of 24 (⊂ 45H) and 45′H , respectively. We expect that
the hidden SO(10)′ is spontaneously broken between the
energy scale of 1016 GeV and the Planck scale. Therefore
the factor of v′/MPl can be O(10−2 - 1) and hence  is
O(10−(3 - 6)) for c′ = 0.1 - 1.
The dark photon γ′ can be in thermal equilibrium
with the SM sector by the annihilation and inverse-
annihilation processes of DM into the SM particles ff¯ ↔
ηη¯, the Compton scattering process ηγ ↔ ηγ(γ′), and the
Coulomb scattering process fη ↔ fη via the kinetic mix-
ing, where f represents generic SM particles with nonzero
U(1)Y charges. Comparing the energy transfer rate Γ
with the Hubble expansion rate H, we find that the these
processes are most important at the temperature around
the DM mass. The ratio at T ∼ mη is roughly given by
Γ
H
∼ 
2q2αα′nf
m2ηH(mη)
∼
( 
10−6
)2(q2α′
0.02
)( mη
1 TeV
)−1
, (9)
where nf is the number density of the SM particles
with nonzero U(1)Y charges. The ratio is larger than
of order unity when  & 10−6 for mη = 1 TeV. This
process freezes out soon after the DM becomes non-
relativistic, that is, around the temperature of order
O(0.1)mη. Therefore, if the kinetic mixing is not strongly
suppressed, the temperature of the DM sector is the same
as the SM sector around the time of DM freeze-out and
we should take ξ(T ′d) = 1.
The nonzero kinetic mixing between the U(1)Y (or
U(1)EM) and U(1)
′ gauge bosons leads to a rich phe-
nomenology for the DM detection experiments. It is
convenient to diagonalize the gauge bosons in the ba-
sis that the SM particles are charged only under U(1)EM
and the DM is charged under both U(1)EM and U(1)
′.
The effective electromagnetic charge of DM is given by
qeff = −qe′cosθW /eEM, where eEM is the gauge cou-
pling of U(1)EM and θW is the Weinberg angle. The
direct detection experiments for DM put a stringent con-
straint on such a millicharged DM [39, 40]. However, the
constraint is not applicable to the DM with a relatively
large charge because the DM loses its kinetic energy in
the atmosphere [41]. The measurement of CMB temper-
ature anisotropies also constrain the millicharged DM for
a larger charge region [42, 43]. In combination, there is
an allowed range such as1
10−6
( mη
103 GeV
)
.  . 3× 10−5
( mη
103 GeV
)1/2
.(10)
This can be consistent with the SO(10)×SO(10)′ model
because  = O(10−(3 - 6)) depending on the SSB scale of
SO(10)′.
Finally, we comment on the case in which the kinetic
mixing is as small as 10−(10 - 11). Such a small kinetic
mixing can be realized if there is Pati-Salam symmetry
for the SM sector at an intermediate scale and the VEV
of 24 (⊂ 45H) is much smaller than the GUT scale, or
c′ ' 10−6. In this case, the DM sector is completely de-
coupled from the SM sector even in the early Universe
and the ratio of the temperatures in these sectors is deter-
mined solely by the branching ratio of the inflaton decay
into these sectors. We note that the gauge-coupling–mass
relation of DM, which is shown as the blue curve in Fig. 1,
changes only of order
√
ξ(T ′d) unless the Sommerfeld en-
hancement effect is strongly efficient. The constraint by
the direct detection experiment of DM for such a very
small kinetic mixing is given by  . 10−10(mη/1 TeV)1/2
for mη & 100 GeV [40, 47]. This constraint will be im-
proved by LZ experiment for 1000 days by a factor of
about 10 [48].
Discussion.– We have proposed a chiral SO(10)′
gauge theory as a UV theory of a light Dirac DM that
is charged under the hidden U(1)′ gauge symmetry. A
darkly-charged DM is also considered as the double-disk-
DM, though it must be a subdominant component [49–
51]. A similar model with a nonzero kinetic mixing
between U(1)′ and the electroweak U(1) gauge bosons,
namely the millicharged (or mini-charged) DM model, is
also motivated by the absorption profile around 78 MHz
in the sky-averaged spectrum of 21 cm line by EDGES
experiment [52–58]. The DM with a massive U(1)′ gauge
boson is also considered in Refs. [16, 20, 59–68]. Our
SO(10)′ gauge theory may also be a natural candidate
for the UV theory of those models.
The DM has a self-interaction mediated by the gauge
boson. The cross section is velocity dependent, which
is supported by the observations of DM halos in galaxy
and galaxy cluster scales. As the DM couples to the SM
sector only via the small kinetic mixing, the gravitational
search is one of the important DM searches in our model
(see, e.g., Ref. [69]). It would be interesting to collect a
larger number of samples in different length scales so that
we can determine the velocity dependence on the self-
interaction cross section [20, 70]. This may allow us to
1 A much stronger constraint may be derived by requiring that the
millicharged DM does not diffuse within galactic clusters [44],
though simulations may be required to correctly take into ac-
count the nonlinear gravity effect [45, 46].
5distinguish our model from the self-interacting DM model
with a velocity-independent cross section, like the ones
studied in Refs. [71–76]. It is also worth to investigate if
the self-interacting DM with a massless vector mediator
solves the small-scale issues for the cosmological structure
formation [22, 77–79].
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